P-type (100) oriented silicon wafers were etched with vapors of concentrated Hydrofluoric acid in a reaction chamber under continuous vapor-flow at standard temperature and pressure. The surface morphology of the etched samples was examined by scanning electron microscope and pore size analyzer. The radius of the pores and quantum dots were found to be 6 nm and 4 nm respectively. Etched samples emitted red luminescence when exposed to ultra violet (UV) light. The red luminescence emitted by the etched surface has been assigned to energy states induced by quantum confinement of holes.
Introduction
Porous silicon (PS) has attracted scientists and earned great interest both from fundamental physics point of view as well as its technological applications in biological and chemical sensors [1] - [3] . Its multidirectional use in light emitting diodes, micro devices, photoelectric solar batteries [4] [5]- [8] , solar cells [9] [10], interference filters, wave guides, antireflection coatings [9] [11], surface passivation, broadening of the band gap, large active area for light-semiconductor interaction, low surface losses and strong visible luminescence at room temperature from its surface and biomedical applications [12] [13] made the material versatile [1] - [4] .
An important property of porous silicon is the presence of highly developed and rather ramified surface which is easily accessible to ambient molecules [14] .
Search for stable bonding configuration for the porous silicon surface has been still issued to be resolved, which leads to research on different stabilization processes [15] [16] .
Among many methods, thermal oxidation is one of the explored methods used in different oxidation and preparation conditions [15] [17] [18] . Though, different models have been proposed in literature to explain this behavior, but discussion is still open [15] [19] .
To look for new preparation conditions is still an active area of research. Here, in this paper, we present a slightly handy but controlled preparation technique and oxidation of the PS surface at different temperatures. We also report here the quantum dot size and pore dimensions of porous silicon prepared by this method.
Experimental

Sample Preparation
P-type (100) oriented CZ-grown silicon wafer (one side polished) having resistivity (1 -20) Ω-cm was etched by HF-vapors in a reaction chamber (Figure 1) at STP under constant flow of HF-vapors. Vapors interact in a chamber with the sample placed on the surface of Teflon block. Out coming exhaust of vapors is dissolved in water to minimize the dangerous effects of HF-vapors. After etching samples were rinsed with de-ionized distilled water. They samples were found to emit red luminescence on exposure to UV light. Later scanning electron microscopy, thermo-gravimetric and pore size analysis were performed. 
Electron Microscopy
Surface Area and Pore Size Analyses
The surface area and pore size of the pores etched in silicon have been measured by surface area and pore size 
Thermo Gravimetric/Differential Thermal Analysis
After performing above characterization, thermo gravimetric/differential thermal analysis (TG/DTA) has been carried out to study the porosity of etched silicon. During measurements change in weight of the samples as a function of temperature was recorded by increasing the temperature of the samples gradually up to 635˚C (temperature; high enough to force hydrogen related species to disappear) and change in weight against temperature was plotted Figure 3(a), Figure 3(b) . The samples and an inert reference are made to undergo identical thermal cycles. During oxidation the reaction is endothermic or exothermic (heat flows in/out relative to the inert reference) was also recorded. TG/DTA thermograms {Figure 3(a), Figure 3 (b)} depict both change in mass and amount of energy which are plotted on y axis against temperature. Thermograms (temperature from −24˚C to 635˚C) for un-etched (Figure 4(a) ) show maximum endothermic and exothermic heat flow at about 50˚C and 200˚C respectively. The curve also shows that heat flow is dominantly exothermic in the range 100˚C to 635˚C (positive slope) and endothermic (negative slope) in the range −24˚C to 100˚C. However loss of weight per degree centigrade during reduction and gain during oxidation is not very high, which is not more than 10 −4 mg/˚C. In the above description we have considered zero line as a reference where heat flow is 0 mW. But in our opinion rate of mass loss or gain and decrease or increase rate of heat energy indicate the dominance of endothermic or exothermic reactions, which means if the slope of a part of the curve is negative reduction is dominant and incase slope is positive oxidation is dominant.
Thermogram for etched samples shown in Figure 4 (b) indicates that reduction of the sample continued dominantly up to 200˚C, (negative slope from 0˚C to 100˚C and positive slope in range 100˚C -200˚C. This reduction reaction indicates a significant amount of hydrogen related species on the surface of etched samples. The reaction for the remaining part of temperature is exothermic, which high lights dominance of oxidation of the samples over reduction. Thermogram for etched samples can be divided into four regions I, II, III and IV. In region I slope of the thermogram is negative and reduction of the samples continued dominantly up to 100˚C with mass reduction rate 4.3 × 10 −3 mg/˚C. Reduction peaks at 100˚C and later, oxidation started to compensate reduction that converts the slope of the thermogram to positive. The rate of weight gain is 2 × 10 −3 mg/˚C. At 200˚C reduction and oxidation balance each other (heat flow in or out is zero). In regions II, III and IV reaction is exothermic and oxidation of the samples is dominant. In regions II, III and IV mass gain rates are 3 ×10 −3 mg/˚C, 2 × 10 −3 mg/˚C and 4 × 10 −3 mg/˚C respectively which point out different oxidation reactions in these regions. To check the reactivity either endothermic or exothermic temperature range can also be divided into same four ranges. In range I (0˚C -100˚C) endothermic reactivity is dominant that goes on increasing up to 100˚C and approach to maximum at 100˚C. Afterwards in range 100˚C to 200˚C exothermic reactivity plays its role, as a result endothermic reactivity starts decreasing and at about 200˚C endothermic and exothermic reactivthe thermogram is negative in this region. In the region 100˚C to 200˚C heat energy partially starts to flow out ity balances each other. The rate of heat (energy) flow in between (0˚C -100˚C) is 0.062 mW/K, while slope of and compensate heat flow in. Endothermic reactivity decreases as a result, slope (mW/K = 0.02) of thermogram is positive. In regions II, III, and IV reaction is exothermic and rates of heat energy flow out are 0.022, 0.014 and 0.012 mW/K respectively. This result also supports our opinion of different reaction in regions II, III, and IV and formation of different oxygen related species on the surface of etched silicon. 
Result and Discussion
The SEM image of the sample 1 given in Figure 2(a) clearly depicts the size and boundaries of the grains. SEM images of etched samples (Figure 2(b), Figure 2(c)) show that the grains can not maintain their regular rectangular shape, as exhibited by control samples, Figure 2(a) . The difference in both surfaces indicates that a porous layer has been formed on the etched samples. The grain size appears to be of the order 1/2 µm radius and grain boundaries 1/4 µm. The dimensions are clear in micrograph scanned at 4000 magnification. Sub details of the grain surface highlighted at 120,000 magnifications (Figure 2(c) demonstrate that the surface of each dot is covered with quantum dots of diameter ~8 nm. Diameter of pores recorded by Pore size analyzer is also of the same order. The radius is of the pores and quantum dots are of the order of the atomic dimensions. Electron or hole confinement may give rise to energy states in the band gap of the quantum dots which is responsible for the emission of visible light from the surface of the etched silicon. It is still a question to the scientist whether the emission is from the layer of chemical species formed at the surface or quantum dots/quantum wires of silicon. The different chemical reactions observed during TG/DTA measurements in regions I, II, III, and IV high lights the presence of different species on the surface. The chemistry of reaction on the surface during etching is as follows [21] : when sample surface is fully covered with HF acid, the oxide dissolves and the surface becomes terminated with H atoms. The relative strength of bonds is as under: Si-H < Si-O < Si-F.
But Si-F bonds are highly polarized due to the large electro-negativity of fluorine and reaction following different paths and at the end of an HF etch, porous silicon samples contain primarily Si-H, SiH 2 , and SiH 3 surface groups with minor concentration of O or F related species [21] .
Three exothermic reactions, which were apparently caused by the oxidation reaction observed in regions I, II, III, and IV, are related to Si-O bonds.
Keeping in view the relative bond strength of different species formed at the surface, given above, Arita et al. [22] have analyzed that Si-Si bond is weak as compared to Si-O bonds at higher temperatures, 300˚C to 635˚C. Si-Si bond easily changes into Si-O bond with the increase in temperature i.e. oxidation. Oxidation reaction on the surface in regions I, II, III, and IV follow different paths that also indicates the formation of a layer due different Hydrogen, oxygen and Fluorine related chemical species. In our opinion both layer of chemical species and quantum dots/wires can produce luminescence but wave length of the luminescence will be different which solely depends upon the energy states (due to quantum confinement) induced in the band-gap of the materials. Kabbi et al. [9] have also formed the openion that Quantum confinement and surface passivation are responsible for the electronic states of the silicon nano crystallites. Quantum dots and pore size appearing on the etched surface is of the order of nA and passivated surface may be of the order of Bohr Radius. Therefore, red emission appears to be the result of hole (material is p-type) confinement in the passivated layer.
Conclusion
The dimensions of pore size and quantum dots observed on the surface of HF vapor etched silicon are of the order of nanometer. The samples after etching exhibits red emission under UV light. The dimensions of these nanostructures (pores and quantum dots) suggest that emission of red luminescence is due to energy states induced by quantum confinment of electronsor holes which are noticed by scanning electron microscopy, and pore size analysis.
